[1] Equatorial Kelvin waves and ozone Kelvin waves were simulated by a T63L250 chemistry-coupled general circulation model with a high vertical resolution (300 m). The model produces a realistic quasi-biennial oscillation (QBO) and a semiannual oscillation (SAO) in the equatorial stratosphere. The QBO has a period slightly longer than 2 years, and the SAO shows rapid reversals from westerly to easterly regimes and gradual descents of westerlies. Results for the zonal wave number 1 slow and fast Kelvin waves are discussed. Structure of the waves and phase relationships between temperature and ozone perturbations coincide well with satellite observations made by LIMS, CLAES, and MLS. They are generally in phase (antiphase) in the lower (upper) stratosphere as theoretically expected. The fast Kelvin waves in the temperature and ozone are dominant in the upper stratosphere because the slow Kelvin waves are effectively filtered by the QBO westerly. In this simulation, the fast Kelvin waves encounter their critical levels in the upper stratosphere when zonal asymmetry of the SAO westerly is enhanced by an intrusion of the extratropical planetary waves. In addition to the critical level filtering effect, modulations of wave properties by background winds are evident near easterly and westerly shears associated with the QBO and SAO. Enhancement of wave amplitude in the QBO westerly shear is well coincident with radiosonde observations. Increase/decrease of vertical wavelength in the QBO easterly/westerly is obvious in this simulation, which is consistent with the linear wave theory. Shortening of wave period due to the descending QBO westerly shear zone is demonstrated for the first time. Moreover, dominant periods during the QBO westerly phase are longer than those during the QBO easterly phase for both the slow and fast Kelvin waves.
Introduction
[2] Kelvin waves are equatorial trapped eastward traveling waves, which have typically zonal wave numbers 1-3. They are forced by unsteady convective heating in the tropical troposphere, and propagate vertically to the middle atmosphere [e.g., Andrews et al., 1987] . The first observational evidence of the ''slow'' Kelvin waves was obtained with radiosondes in the lower stratosphere [Wallace and Kousky, 1968] . They have phase speeds of $20-40 m s À1 . Later, ''fast'' Kelvin waves were found in the upper stratosphere by Hirota [1978] , by use of rocketsonde data. The fast Kelvin waves have phase speeds of $50-80 m s À1 .
[3] As regards the temperature and ozone mixing ratio fields, Kelvin waves have been simultaneously observed by satellite instruments; Limb Infrared Monitor of the Stratosphere (LIMS) on board Nimubus-7 [e.g., Randel, 1990; Kawamoto et al., 1997] , and the Microwave Limb Sounder (MLS) and the Cryogenic Limb Array Etalon Spectrometer (CLAES) on board the Upper Atmosphere Research Satellite (UARS) [e.g., Canziani et al., 1994; Mote and Dunkerton, 2004] . Canziani et al. [1994] identified the fast Kelvin waves in temperature and ozone fields measured by the MLS, which appeared during an easterly shear period and a weak westerly shear period of the equatorial JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 110, D18303, doi:10.1029 /2004JD005424, 2005 Copyright 2005 by the American Geophysical Union. 0148-0227/05/2004JD005424$09.00 quasi-biennial oscillation (QBO). On the other hand, Shiotani et al. [1997] focused on the slow Kelvin waves during a westerly shear period using temperature data obtained by the CLAES. In the lower stratosphere, vertical advection due to Kelvin waves induces ozone perturbations in phase with temperature change. On the other hand, photochemical forcing due to temperature perturbations induces antiphased ozone perturbations in the upper stratosphere, where ozone has a short lifetime [Randel, 1990] .
[4] Kelvin waves appearing in various general circulation models (GCMs) have been studied [e.g., Manzini and Hamilton, 1993; Amodei et al., 2001] , but the QBO and SAO are not realistic in their simulations. We attempt in this work to simulate the Kelvin waves and the ozone Kelvin waves as well as realistic background fields by using a highresolution chemistry-coupled GCM, and examine their relationships in detail. Analyses are made for two model years including both the easterly and westerly regimes of the QBO. Results are mainly compared with those of the satellites observations.
Model Description
[5] The GCM used in this study has been developed by cooperative efforts among Center for Climate System Research University of Tokyo/National Institutes for Environmental Studies/Frontier Research Center for Global Change [K-1 Model Developers, 2004] . It includes a realistic topography and has a full set of physical processes, such as a boundary layer, a hydrological cycle, a vertical diffusion, dry and moist convection, and radiative processes. For the sea surface temperature, monthly mean climatology is linearly interpolated to each date.
[6] Nagashima et al.
[1998] simulated the QBO modulation of ozone, using an earlier version of the model. The ozone photochemistry interactively coupled with the radiation and dynamics of the present model is the same as that in their study, i.e., a modified Chapman mechanism [Hartman, 1978] . A simplified ozone hole parameterization is added to improve variability of dynamics and ozone in high latitudes [cf. Watanabe et al., 2002] .
[7] In order to reproduce realistic wind shears associated with the QBO and SAO, the present model has a horizontal resolution of T63 and 250 layers in the vertical; a vertical resolution is 300 m throughout the middle atmosphere. The top boundary has been raised up to 0.01 hPa. The prognostic-type Arakawa-Schubert moist convection scheme is used in the GCM, within which the critical relative humidity (RHc) limit is introduced [Emori et al., 2001] . This parameter controls space and time spectra of convective precipitation in the GCM. Therefore it affects the space-time spectra of gravity waves explicitly resolved in the GCM [cf. Horinouchi et al., 2003] . The RHc = 0.8 is used in this experiment, so as to obtain a realistic period of the QBO.
[8] The damping time for the maximum wave number in the eighth-order horizontal diffusion is 1 day. A simulated total wave number spectrum of the kinetic energy for horizontal winds has a logarithmic slope of À3 in almost whole wave number range (not shown). The ''mesoscale regime'' having the spectral slope of À5/3 appears in the high -wave number end of the simulated spectrum, which is similar to observed and the GFDL SKYHI simulation [e.g., Nastorm et al., 1984; Koshyk et al., 1999] .
[9] Nonorographic gravity wave drag parameterizations are not used in this study, because they might modulate resolved waves and background winds in undesirable ways. However, an orographic gravity wave drag parameterization of McFarlane [1987] is used to decrease cold pole biases. It does not directly affect results in the tropics, but it makes ascending motions in the tropical lower stratosphere more realistic. A Rayleigh friction with a damping time of 1 day is employed only within the top boundary (above 0.01 hPa). The model is integrated over 6 years, and last 2 years are analyzed. Data analyzed are sampled everyday as a daily average.
Results and Discussions

Background Wind
[10] Figure 1 shows time-height section of the zonal mean zonal wind over the equator. The QBO and SAO are clearly reproduced in the lower and upper stratosphere. In the lower stratosphere, westerly-to-easterly reversal occurs during the first year followed by an easterly-to-westerly reversal during the second year. The maximal easterly and westerly wind speeds are $ À30 m s À1 and $20 m s
À1
, respectively. An averaged period of the simulated QBO is slightly longer than 2 years, when full data record of the simulation is examined. Overall patterns in the equatorial zonal wind in the lower stratosphere are similar to a T42 simulation of Takahashi [1999] , although the amplitude of the zonal wind is slightly larger in the present experiment.
[11] The SAO near the stratopause is also well simulated. In particular, rapid reversals of westerlies to easterlies and gradual descents of westerlies are simulated reasonably. Furthermore, amplitudes of the SAO ''first cycles'' are larger than the ''second cycles'' [e.g., Garcia et al., 1997] . The maximal easterly and westerly associated with the SAO first cycles are approximately À60 m s À1 and $30 m s À1 , respectively. It seems to be difficult to simulate such realistic characteristics of the SAO with lowerresolution models, and even models with nonorographic gravity wave drag parameterizations [e.g., Amodei et al., 2001] .
[12] Intraseasonal oscillation in the mesosphere and signals of the mesopause SAO are also noticeable. During the stratopause SAO is easterly, two or three pairs of easterlies and westerlies alternately descend in the mesosphere. Although the simulation in the mesosphere in this model must be suffered by effects of the top boundary, rocketsonde and MF radars have observed similar features in the real atmosphere [e.g., Garcia et al., 1997] . These phenomena in the equatorial mesosphere are of interest, and will be dealt with in separate studies. Anyway, we may conclude that the background wind fields in the tropics are successfully simulated.
Kelvin Waves
[13] In this paper, only the zonal wave number 1 (s = 1) Kelvin waves are discussed, because the s = 1 eastward traveling disturbances are dominant when longitude-time sections are inspected (not shown). In order to extract the slow and the fast Kelvin waves separately, band-pass filters with cut-off periods 12 and 20 days and 6 and 12 days are applied to the s = 1 components of temperature and ozone mixing ratio fields. Section 3.3 gives results of spectral analyses which are used to choose these cut-off periods.
Slow Kelvin Wave
[14] Figure 2a shows time-height plot of temperature perturbations over the equator, which correspond to the s = 1 slow Kelvin wave. The contour lines of the zonal wind in Figure 1 are overlaid. Many wave trains are seen, which show downward phase propagation. The waves are apparently affected by the QBO. During day 560-690 while the QBO zonal wind is easterly in the lower stratosphere, the slow Kelvin waves continuously appear between 100 and 10 hPa. The waves have a typical period $15 days, a vertical wavelength $10 km, and an amplitude $1.5 -2 K. As the waves approach a strong westerly vertical shear associated with descending westerlies of the QBO, their vertical wavelengths decrease, and amplitudes increase as much as $2.5 K. The CLAES instrument observed qualitatively similar s = 1 Kelvin waves during March-August 1992, while the QBO was easterly in the lower stratosphere [see Shiotani et al., 1997, Figure 6] . Evidence of the similar enhancement of the wave amplitudes were also seen in the CLAES temperature, though the wave trains in this simulation appear more regularly than those observed.
[15] On the other hand, when the QBO westerly winds are strong (day 60 -300), signals of the s = 1 slow Kelvin waves are confined in a layer between 100 hPa and an altitude where the westerly maximum of the QBO exists. Their vertical wavelength is $6 km, which is shorter than that during the QBO easterly phase. Their period and amplitude are $16.5 days and $1.5 K, respectively. Since phase speeds of these Kelvin waves ($28 m s
À1
) are comparable to the QBO westerly winds ($23 m s À1 ), their vertical group velocities rapidly decrease in the QBO westerly. In contrast to the present simulation, the CLAES never observed the wave signal during October-December 1992, while the QBO westerly was strong . It is possible that the model generates strong Kelvin waves. However, coarse resolution of the CLAES instrument ($3 km) and interannual variability of wave excitation might be responsible for this discrepancy. Further analyses are required to check the reality of our simulation.
[16] During a westerly-to-easterly transition period of the QBO (day 300-560), slow Kelvin waves frequently penetrate throughout the QBO weak westerly, and propagate through the QBO easterly to reach another westerly associated with the SAO. As the Kelvin wave propagates in the QBO easterly its vertical wavelength increases by $14 km, while it is $6 km in the QBO westerly. This is opposite to what occurs during the QBO westerly shear period (day 560-690). The episodic propagations of the slow Kelvin waves through the QBO weak westerly were observed by the LIMS in April and May 1979 [Kawamoto et al., 1997] , and the CLAES around the end of January 1993 .
[17] The temporal variations of the slow Kelvin wave amplitudes associated with the QBO zonal winds in our simulation are quantitatively consistent with long-term radiosonde observations [e.g., Shiotani and Horinouchi, 1993] . Shiotani and Horinouchi [1993] gave a theoretical explanation for the amplitude modulation of the slow Kelvin waves due to the wind shear of the QBO. In our simulation, the QBO modulation of the Kelvin waves' vertical wavelengths is also apparent, which has not been well documented with observations. The results are quantitatively consistent with linear wave theory [e.g., Andrews et al., 1987] . The shortening (increase) of the vertical wavelength occurs in the westerly (easterly) shear where intrinsic phase speed decreases (increases) with height. (Figures 3a and 3c -3f ). The pressure levels and band-pass periods are indicated in each panel. Time series for the zonal mean zonal wind (U ) are also shown (Figures 3b and 3g ).
Wave parameters below and above the wind shears locally satisfy the dispersion relation of the Kelvin wave.
Slow Kelvin Wave in Ozone Field
[18] Figure 2b shows s = 1 slow ozone Kelvin waves, on the basis of the same analysis method as in the temperature. Clear ozone Kelvin waves are seen between 60 and 15 hPa while easterly winds are dominant in the lower stratosphere (day 580-690). They have a similar in-phase structure to the temperature waves (Figure 2a) , and their typical amplitude is $0.1 ppmv. The amplitude of the ozone Kelvin wave increases by $0.15 ppmv near the westerly shear of the QBO (20 -30 hPa). In August and September 1992 when the QBO easterly was gradually replaced by the descending westerly, the MLS observed similar structure of the s = 1 ozone Kelvin waves in the lower stratosphere [see Mote and Dunkerton, 2004, Figure 2] . Their maximal amplitude is $0.25 ppmv, which is larger than that in our results. However, the wave signals in their figure might be superimposition of the slow and fast Kelvin waves.
[19] The ozone waves are absent near the peak altitude of ozone mixing ratio ($10 hPa), where vertical gradient of ozone mixing ratio is small. In the upper stratosphere, antiphase structure of ozone waves with respect to the temperature waves as well as the lower-stratospheric part of the ozone disturbances exists. The amplitude of the ozone waves is $0.1 ppmv. In contrast to the temperature waves (Figure 2a) , the ozone Kelvin waves are nearly absent below the QBO westerly. This is mainly due to small volume mixing ratio and a small vertical gradient of ozone below about 50 hPa, although vertical motions take place there.
[20] To summarize above results more quantitatively, Figure 3 shows time series of the temperature and ozone mixing ratio perturbations (labeled by T 0 and X 0 ) due to the s = 1 Kelvin waves at several pressure levels. Figure 3g shows the zonal mean zonal wind averaged over 30-50 hPa. Figure 3f shows T 0 and X 0 at 20 hPa where X 0 is large. The QBO modulation of T 0 and X 0 is clearly illustrated. The amplitude of X 0 during the QBO westerly phase is $0.05 ppmv. A positive correlation of T 0 and X 0 is obvious over the analysis period. They are generally in phase, suggesting the dominance of vertical advection in determining X 0 . It is also suggested that anomalous radiative heating due to X 0 plays a minor role in producing further temperature perturbations. Otherwise, positive X 0 tends to enhance positive T 0 . It should cause phase progression of X 0 . Figure 3d shows results for the upper stratosphere (7 hPa), where T 0 and X 0 show a negative correlation with slight phase progression of T 0 (1 -2 days). This phase progression of T 0 is expected since ozone has a photochemical lifetime of a few days at the equator, and X 0 follows T 0 as a result of photochemical reactions.
Fast Kelvin Wave
[21] Figure 4a shows a time-height section of temperature disturbances for the s = 1 fast (period = 6 -12 days) Kelvin waves. In the upper stratosphere, activity of the fast Kelvin waves has a clear semiannual cycle, which corresponds to the zonal wind SAO. For better understanding, time series of the temperature perturbations and the zonal mean zonal wind are shown in Figures 3a and 3b . At the stratopause ($1 hPa), evidence of the fast Kelvin waves is obvious in the easterlies of the SAO as is observed by Hirota [1978] . Their typical amplitude is $1.5-2.5 K in the SAO easterlies, which is comparable to the MLS observation of $2 K [Canziani et al., 1994] , and slightly smaller than an estimation with rocketsonde observations [Hirota, 1978] .
[22] Around the solstices while the preceding SAO westerlies are descending below the SAO easterlies, amplitudes of the fast Kelvin waves increase near the strong westerly shear just below the westerlies (day 140-180 and 320 -360). The strongest event occurs near 5 hPa during day 320 -340, in which the amplitude reaches $4 K. The evidence of the fast Kelvin waves rapidly decreases in the SAO westerly. This phenomenon is not likely to be explained by the critical level filtering due to the SAO westerly, because phase speeds of the fast Kelvin waves ($48 m s À1 during this period) are much larger than the SAO westerly (10 -30 m s À1 ). However, it turns out that the SAO westerly during this period (November-December) is connected with the wintertime polar vortex. Figure 5 shows horizontal distribution of zonal winds at 3.5 hPa on day 330. The winter side of the SAO westerly is stronger than that just over the equator. The extratropical planetary wave propagates toward the equator to make large zonal asymmetry of the zonal wind. As a result, the fast Kelvin wave encounters its critical level over the tropical Pacific.
[23] In contrast to the slow Kelvin waves (Figure 2a) , the fast Kelvin waves almost always penetrate the QBO westerlies in the lower stratosphere. This is expected because they have much larger horizontal phase speeds than the QBO zonal winds. However, their vertical wavelengths obviously vary with the background zonal winds. During day 120 -160 while the QBO westerly is strong, a typical vertical wavelength is $8 km below the peak of the QBO westerly. It increases by $18 km above the peak. On the other hand, during day 500 -660 while the QBO westerly is descending in the middle stratosphere, the vertical wavelength decreases in the westerly, and increases above the westerly. It increases by $26 km in the SAO easterly. The typical amplitude of the wave is $1.5-2 K in the lower stratosphere, which is comparable to that for the slow Kelvin waves (see Figures 3e and 3f) . Qualitatively similar signals were observed in the lower stratosphere by the CLAES and the MLS in January -February 1993 [Mote and Dunkerton, 2004] .
Fast Kelvin Wave in Ozone Field
[24] Figure 4b shows ozone perturbations induced by the s = 1 fast Kelvin waves. Evidence of the fast ozone Kelvin waves appear separately in the lower and upper stratosphere. In contrast to the slow ozone Kelvin waves (Figure 2b ), the amplitudes of the fast ozone Kelvin waves are much larger in the upper stratosphere than in the lower stratosphere. This is consistent with the fact that the temperature disturbances of the fast Kelvin waves have larger amplitudes in the upper stratosphere (Figure 4a ). In the lower stratosphere, the amplitudes of the ozone disturbances are generally larger than those for the slow Kelvin waves since the fast Kelvin waves are hardly interrupted by the QBO westerlies (see also Figures 3e and 3f ). The phase relationship between the temperature and ozone perturbation is almost exactly in phase below 20 hPa as for the slow Kelvin waves. In the upper stratosphere, the ozone waves have antiphase structure to the temperature waves, and their amplitude sometimes approach 0.3 ppmv (Figure 3c ). On average, the amplitude is slightly larger than the MLS observation [Canziani et al., 1994] .
[25] As revealed by the satellite observations [Randel, 1990; Canziani et al., 1994] , the phase relationship for the temperature and ozone waves is not exactly in phase (antiphase) slightly below (above) 10 hPa. For the fast Kelvin waves, the temperature waves precede the ozone waves by 1 -2 day at 7 hPa, while the ozone waves precede the temperature waves by $2 days at 13 hPa (not shown). Although the present experiment has not output three-dimensional radiative heating rate and photochemical forcing of ozone, detailed analyses focusing on anomalous radiative heating due to ozone waves should be performed to clarify the causal mechanism of these relationships.
Spectral Analysis
[26] The color plots in Figures 2a and 4a demonstrated the QBO modulation of the Kelvin waves, i.e., the filtering effect due to Doppler shift and the changes in the amplitudes and vertical wavelengths. Here frequency spectra of the eastward traveling s = 1 components of temperature and ozone mixing ratio (denoted as T 0 and X 0 ) are calculated during both the QBO easterly and westerly periods. The calculations are performed using several 120-day data segments.
[27] Figure 6a shows altitude distribution of the power spectral density for T 0 , which is calculated over day 570 -690 while the QBO is easterly. Three peaks are seen near periods of 15, 13.5 and 8 days. The strongest 13.5-day peak near 20 hPa highlights the amplification of the slow Kelvin waves due to the QBO westerly shear (Figure 2a) . Both of the 13.5-and 15-day waves have large power at 20 hPa, while only the 15-day wave is dominant in the lower stratosphere. The peak of the 8-day wave, the fast Kelvin wave, is obvious from $30 hPa to 1 hPa. Their amplitudes are enhanced in the westerly wind between 20 and 4 hPa (Figure 4a) .
[28] It is interesting that a separation of the two peaks at 15 and 13.5 days is seen between 20 and 30 hPa where the shortening of the vertical wavelength occurs (Figure 2a) . Figure 2a suggests that both of these two peaks show the same slow Kelvin wave. The shortening of the wave period is consistent with the shortening of the vertical wavelength. This is schematically illustrated in Figure 7 . As the westerly shear zone descends, waves above the shear zone move faster than those below the shear zone. As a result, the period decreases above the westerly shear. After some simple geometrical calculations, it turns out that difference of phase speeds above and below the westerly shear is proportional to a descent speed of the westerly shear and difference of the vertical wavelengths above and below the westerly shear;
where lx, lz 1 , lz 2 , and W denote the horizontal wavelength, the vertical wavelength below and above the shear zone, and the descent speed of the shear zone, respectively. In this case, lx = 40,000 km, lz 1 = $10 km, lz 2 = $5 km, and W = $0.050 km d , which corresponds to a period $13.9 days. This is comparable to the second peak found in Figure 6a . The wave parameters, i.e., the horizontal and vertical wavelengths, and the intrinsic phase speeds, both above and below the shear zone locally satisfy the dispersion relation of the Kelvin wave.
[29] Figure 6b shows the result during day 90-210 while the QBO is westerly. A $17-day peak for the slow Kelvin wave is confined in the lower stratosphere. The second peak is $13.5 days centered at 60 hPa, although it is fairly smaller than the first peak and not apparent in Figure 2a . The third peak for the fast Kelvin wave is found at $10-11 days, which extends to the upper stratosphere. Note that the dominant periods for both the fast and slow Kelvin waves are longer than those in the QBO easterly (Figure 6a ). The dominant periods for the fast and slow Kelvin waves are $8 ($10-11) days and $15 ($17) days in the QBO easterly (westerly). These differences are generally seen throughout the analysis period. It is likely that excitation processes in the troposphere, i.e., convective systems, determine the dominant period of the Kelvin waves [e.g., Garcia and Salby, 1987] . However, the differences in the QBO zonal winds also affect the earliest stage of wave formation and the dominant periods of the Kelvin waves. Such a possibility and its mechanism are worth investigating. Although detailed analyses are left for future studies, a possible explanation for the slow Kelvin wave is proposed here. We assume that the slow Kelvin waves are excited with a narrow frequency spectrum, i.e., periods = 12 -17 days, peaked at $15 days. Longer-period waves have smaller zonal phase speeds, and are effectively amplified by the QBO westerly shear [cf. Shiotani and Horinouchi, 1993] . Hence the $17-day waves have the large amplitudes below the QBO westerly, while the $15-day wave is dominant in the QBO easterly. This explanation might not be applied for the fast Kelvin waves, because they have much faster phase speeds. Further observations and analyses on the model results are needed.
[30] Figure 6c and 6d show the results for ozone. Their spectral peaks agree well with those for T 0 (Figures 6a  and 6b ), remembering the fact that (1) X 0 is proportional to the vertical gradient of ozone mixing ratio and the vertical displacement of air mass in the lower stratosphere and (2) X 0 is proportional to the mean ozone mixing ratio and temperature disturbances in the upper stratosphere. An exception is a broad peak (10 -15 days) of X 0 in the upper stratosphere in Figure 6c , whose counterpart is absent in Figure 6a . Although a similar broad peak exists in the temperature power spectrum, its power is very small compared to that in the lower stratosphere. The slow Kelvin waves disappear in these altitudes because of radiative damping (Figures 2a and 2b) . Hence we do not investigate this broad peak in detail. These results are quantitatively comparable to the satellite observations for both the dominant periods and the spectral powers [Canziani et al., 1994; Mote and Dunkerton, 2004] .
Conclusion
[31] The s = 1 slow and fast Kelvin waves for the temperature and ozone mixing ratio were reasonably simulated by the chemistry-coupled high-resolution GCM for the first time, with the realistic QBO and SAO. The structure of the waves and phase relationships between temperature and ozone perturbations coincide well with satellite observations made by LIMS, CLAES and MLS. They are generally in phase (antiphase) in the lower (upper) stratosphere as theoretically expected. Although such results have already been documented on the basis of observations and chemistrycoupled 1-D and 2-D model calculations [e.g., Randel, 1990; Echols and Nathan, 1996] , this simulation gave some quantitative information on the ozone Kelvin waves in the different QBO phases as well as their long-term behavior in the QBO and SAO.
[32] The fast Kelvin waves in the temperature and ozone is dominant in the upper stratosphere because the slow Kelvin waves are effectively filtered by the QBO westerly. In addition to the critical level filtering effect, the modulations of the wave properties, i.e., the amplitudes, the vertical wavelengths, and the periods, by the background winds are evident near the strong wind shears associated with the QBO and SAO. Although the enhancement of the amplitudes in the QBO westerly shear has been observed and theoretically explained [e.g., Shiotani and Horinouchi, 1993] , the present simulation clearly illustrated both the shortening/increasing of the vertical wavelengths in the QBO and SAO westerly/easterly shears. These are consistent with the linear wave theory, and explained by changes of the Doppler effect. The shortening of wave period due to the descending QBO westerly shear zone has been demonstrated for the first time. The present results will be useful for detection of the Kelvin waves in observational data. In this simulation, the dominant periods during the QBO westerly phase were longer than those during the QBO easterly phase for both the slow and fast Kelvin waves. Further analyses on causal mechanisms of such difference are needed.
